This study was conducted to examine the effects of a combined in-feed supplementation of Aspergillus awamori and Saccharomyces cerevisiae on growth and muscle protein metabolism and fatty acid profiles in broilers. Chicks (15 d old) were fed a basal diet as control, diets supplemented with 0.05% A. awamori, 0.10% S. cerevisiae, or a combination of both (7 birds/group) for 12 days. Growth of the birds was promoted by all treatments. Synergistic effects of A. awamori and S. cerevisiae were observed on body weight gain and feed conversion, breast muscle weight, and digestibility of dietary protein. Plasma 3-methylhistidine concentrations were decreased by A. awamori and S. cerevisiae, and synergistically by the combination. Gene expressions of proteolysis-related factors in muscle were reduced by all treatments. Conversely, mRNA expressions of myosin and actin were synergistically increased by the combination. Abdominal fat and plasma triglycerides were decreased by A. awamori and the combination, but not by S. cerevisiae, while muscle fat content was increased by all treatments. Interestingly, there was a decrease in saturated fatty acids and an increase in unsaturated fatty acids in muscle in all treatment groups. This change in fatty acid profile was partially related to mRNA expression of delta-6 fatty acid desaturase in the muscle. In conclusion, the combined supplementation of A. awamori and S. cerevisiae synergistically improves growth performance by promoting muscle protein metabolism. In addition, A. awamori and S. cerevisiae modify the muscle fatty acid profile.
Introduction
In modern intensive poultry production, newly hatched chicks have little contact with their mother, resulting in slow colonization of normal microflora in the intestines (Fuller, 1989) . This makes chicks susceptible to a number of pathogenic bacteria because of the sterile condition of intestine, subsequently causing food-borne diseases in humans (Pivnick and Nurmi, 1982) . Probiotics, which are live microbial feed supplements that beneficially affect the host animal by improving its intestinal microbial balance, have been used as tools for helping newly-hatched chicks develop normal colonization of microflora (Fuller, 1989) . Because of their several negative effects, antibiotics have gradually been replaced by probiotics in controlling intestinal pathogenic bacteria (Fuller, 1992) . Probiotics have been used as feed additives to improve the performance of poultry and there are a few outstanding reviews of the literature in this field (Stavric and Kornegay, 1995; Jin et al., 1997) . Aspergillus awamori and yeasts, particularly Saccharomyces cerevisiae, have been used as probiotics by many studies (Montes and Pugh, 1993; Kautz and Arens, 1998; Saleh et al., 2011 Saleh et al., , 2012a . Both Aspergillus spp. and Saccharomyces belong to the Ascomycoyina subdivision (Boyd, 1988) . They have many industrial applications, involving the brewing, distilling and baking industries (Raper et al., 1965) . Until recently, information on an A. awamori-based probiotic has been lacking, although its application in poultry production is increasing (Saleh et al., 2011) . A. awamori is a fungus (called "koji" in Japan) that has long been used for food processing. The products processed by A. awamori are given GRAS (Generally Recognized as Safe) status by the U.S. Food and Drug Administration (Bigelis and Lasure, 1987) . In the present, study we aimed to explore A. awamori and S. cerevisiae as possible probiotic strains. Synergistic effects of feeding A. awamori and S. cerevisiae on growth performance, protein metabolism and fatty acid profiles in muscle were examined in broiler chickens. In addition, the antioxidative activities of A. awamori and S. cerevisiae were shown.
Materials and Methods

Animals and Diets
The animal experiments were conducted in accordance with the guidelines of Kagoshima University. Twenty eight one-day-old male broiler chickens (Ross 308) were supplied by a commercial hatchery (Kumiai Hina Center, Kagoshima, Japan). Chicks were housed in an electrically heated battery brooder and provided with water and a commercial starter diet (corn and soybean meal-based diet containing 23% crude protein and 12.9 kJ/kg metabolizable energy; Nichiwa Sangyou Company Kagoshima, Japan) until 12 d of age. Chicks were then fed a basal diet from 12 to 15 d of age. The composition of the basal diet is shown in Table 1 . Chicks were divided into 4 groups (n＝7): control, A. awamori 0.05%, S. cerevisiae 0.10% and A. awamori 0.05%＋S. cerevisiae 0.10%. Kojimold in A. awamori was made from rice in the conventional manner. The koji and yeast were mixed into the basal diet. The inclusion levels of A. awamori (0.05%) and S. cerevisiae (0.10%) were decided according to the previous study (Saleh et al., 2011) and preliminary experiments, respectively. The birds were given the experimental diets from 15 to 27 d of age. The experiment was conducted in a temperature-controlled room with a 14 h light/10 h dark cycle. Room temperature was kept at 25℃ with relative humidity between 50 and 70% throughout the experiment. Body weight was recorded every 3 d and feed intake was recorded daily during the experimental period. At the end of the experimental period, the birds were slaughtered and dissected to measure the weights of breast muscles, liver and abdominal fat. Plasma Chemistry Tests and 3-Methylhistidine Concentration Blood samples were collected into heparinized test tubes, quickly centrifuged at 5,900×g for 10 min at 4℃ to separate plasma, and stored at −30℃ until analysis. Plasma concentrations of triglyceride, total cholesterol, and high density lipoprotein cholesterol (HDL-C) were measured by Fuji DRY-CHEM 3500 (Fuji Medical Systems, Tokyo, Japan) according to the manufacturer's instructions. Plasma 3-methylhistidine concentration was measured by the HPLC method previously described (Hayashi et al., 1987) .
Digestibility of Dietary Protein and Energy Utilization
Dietary and fecal contents of crude protein and gross energy were measured by macro corder machine (J-Science Lab Co., Ltd, Kyoto, Japan) and by a bomb calorie meter (Yoshida, Tokyo, Japan), respectively. The calculations were as follows: protein digestibility＝ (total protein intake −total protein excreted) /total protein intake×100; energy utilization＝ (total energy intake−total energy extracted)/total energy intake × 100.
Muscle Thiobarbituric Acid Reactive Substance (TBARS) and α-Tocopherol
Concentration of muscle TBARS was measured by the method of Ohkawa et al. (1979) . The α-tocopherol concentration of the muscle was determined on a Shimadzu HPLC model LC6A (Shimadzu, Kyoto, Japan) with a Shim-Pack CLC-ODS column (6.0×150 mm) according to the method described by Faustman et al., (1989) .
RNA Isolation and Real Time PCR
Total RNA was extracted from a piece of pectoralis superficial muscle (about 100 mg) using an RNeasy ® Fibrous Tissue Mini Kit (Qiagen, Tokyo, Japan) according to the manufacturer's protocol. The RNA concentration and purity were determined spectrophotometrically using A 260 and A 280 values in a photometer (BioPhotometer, Eppendorf, Hamburg, Germany). The ratio of A 260 /A 280 for all samples was between 1.8 and 2.0. cDNA was synthesized at 400 ng RNA per 10 μL of reaction solution with PrimeScript ® RT reagent Kits (Perfect Real Time, Takara, Shiga, Japan). The program temperature control system PC320 (Astec, Fukuoka, Japan) was set at reverse transcription 37℃ for 15 min, inactivation of reverse transcriptase at 85℃ for 5 s, and cooling at 4℃ for 5 min. Real-time PCR primers were prepared as previously described (Nakashima et al., 2005) . The sequences of the forward and reverse primers were as follows: chicken atrogin-1, forward 5′ -CCA ACA ACC CAG AGA CCT GT-3′ and reverse 5′ -GGA GCT TCA CAC GAA CAT GA-3′ ; chicken ubiquitin, forward 5′ -CGC ACC CTG TCT GAC TAC AA-3′ and reverse 5′ -GCC TTC ACG TTC TCA ATG Saleh et al.: Fungi and GT-3′ ; chicken proteasome C2 large subunit, forward 5′ -AAC ACA CGC TGT TCT GGT TG-3′ and reverse 5′ -CTG CGT TGG TAT CTG GGT TT-3′ ; chicken m-calpain large subunit, forward 5′ -ACA TCA TCG TGC CCT CTA CC-3′ and reverse 5′ -CTG CGT TGG TAT CTG GGT TT-3′ ; chicken myosin-heavy chain, forward 5′ -AGA AGC CCA GGC CTG ATA AG -3′and reverse 5′ -AGA CAA GGA AAG CAT CCA TTT C -3′ ; chicken β-actin, forward 5′ -GAG AAA TTG TGC GTG ACA TCA-3′and reverse 5′ -CCT GAA CCT CTC ATT GCC A-3′ ; chicken acetyl-CoA carboxylase, forward 5′ -GGA GCA AAT CCA TGA CCA CT-3′ and reverse 5′ -CAC TTC GAG GCG AAA AAC TC-3′ ; chicken fatty acid synthase, forward 5′ -GCA TGG GAA GCA TTT TGT TGT-3′and reverse 5′ -TGA AGG ACC TTA TCG CAT TGC-3′ ; chicken delta-6 fatty acid desaturase, forward 5′ -TCA CTT GTG GAG GTA AGC ATC-3′ and reverse 5′ -GGC GAG AAA GGA GAG GAG TC-3′ ; and chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH), forward 5′ -CCT CTC TGG CAA AGT CCA AG3′and reverse 5′ -CAT CTG CCC ATT TGA TGT TG-3′ . Gene expression was measured by real-time PCR using the 7300 Real Time PCR system (Applied Biosystems, Foster, USA) with SYBR ® Premix Ex Taq TM (Perfect Real Time, TaKaRa). The thermal cycle was as follows: 1 cycle at 95℃ for 10 s, and 60 cycles at 95℃ for 5 s and 60℃ for 31 s. Expression of GAPDH mRNA was used as an internal standard and was not significantly different among the experimental groups. Gene expression results are shown as percentages of the control value.
Fatty Acids
Lipids were extracted from the breast muscle with a mixture of chloroform and methanol (2:1) in a separatory funnel. The funnel was shaken carefully for 15 min and left to stand for 4 h to separate the organic layer. The organic layer was collected, passed through a glass funnel containing anhydrous sodium sulfate and evaporated to near dryness using a vacuum evaporator (Radwan, 1978) . Muscle total lipid content was measured using the method described by Folch et al. (1957) . The extracted lipid (100 mg) was put into a 10 ml volumetric flask and 2.5 ml of 0.5 N methanolic NaOH was added. The mixture was then heated for approximately 5 min on a steam bath until the fat globules entered the solution. Four milliliters of BF 3 /MeOH was then added to the flask and the mixture was boiled for 2 min in a water bath. After cooling, a saturated NaCl solution was added to the mixture to reach a total volume of 8 ml. The mixture was then transferred to a separation funnel and extracted with 6 ml petroleum ether. The ether phase was then evaporated on a water bath at 60℃. The obtained methyl ester of the fatty acid fraction was dissolved in 1 ml of hexane and used for the fatty acid analysis. Fatty acids were separated by GC-MS (Thermo Fisher Scientific, Waltham, MA, USA) on a capillary column (30 m×0.25 mm i.d. DB-1 coated with a 0.25 μm film of dimethyl polysiloxane (J & W Scientific, CA, USA) using 1 μl of sample. The temperature of the column was 150℃ at the time of injection, then programmed at 5℃· min −1 to 250℃ and maintained at that temperature for 5 min. Injection was performed with a split ratio of 10:1. The flow -rate was 1.0 ml min
, helium was used as the carrier gas and the injector temperature was 250℃. The MS detection conditions were as follows: interface temperature, 230 ℃; ionization mode, EI＋; electron energy, 70 eV; full scan acquisition mode; mass range, 33-450 amu. Fatty acids were identified using authentic standards and online NIST-library spectra.
Statistical Analysis
Data were analyzed by two-way analysis of variance (ANOVA) using SPSS Statistics 17.0 (Statistical Packages for the Social Sciences, released 23 August 2008). Repeated measures ANOVA (7 replicates in one treatment group) were applied to show main effects of A. awamori or S. cerevisiae and an interaction of them. The significant differences among means of treatments were compared by Duncan's new multiple-range test. P≤0.05 was set as the limit of significance.
Results
Feeding with A. awamori or S. cerevisiae significantly increased body weight gain (P＜0.05), and the combination of A. awamori and S. cerevisiae synergistically increased body weight gain, while feed intake was decreased (Table 2) . Thus, the feed conversion ratio was improved in all treatment groups. Digestibility of dietary protein was increased by A. awamori and the combination of A. awamori and S. cerevisiae, and energy utilization was increased by A. awamori alone. Breast muscle weight was increased and abdominal fat weight was decreased by A. awamori and the combination, but not by S. cerevisiae. Liver weight was increased by S. cerevisiae and the combination, but not by A. awamori. However, plasma GOT was decreased in all treatment groups (data are not shown), indicating that A. awamori and S. cerevisiae are not harmful to liver function, at least at the levels used in this study. Heart weight was not affected by treatments.
Plasma triglyceride was decreased by A. awamori and the combination of A. awamori and S. cerevisiae, but not by S. cerevisiae (Table 3) . Total cholesterol was decreased in all treatment groups while HDL-C was increased. Muscle total lipid was increased in all treatment groups. Saturated fatty acids (16:0 and 18:0) were decreased by A. awamori or S. cerevisiae, and synergistically by the combination, while unsaturated fatty acids [18:1 (n-9), 18:3 (n-3), and 20:4 (n-6)] were increased in all treatment groups. Fatty acid 18:2 (n-2) was increased by A. awamori or S. cerevisiae, but there was no interaction of A. awamori and S. cerevisiae. The ratio of saturated fatty acids to total fatty acids (SFA/TFA) was decreased, while the ratio of unsaturated fatty acids to total fatty acids (UFA/TFA) was increased in all treatment groups. As a result, the ratio of UFA/SFA was synergistically increased by the combination.
Plasma 3-methylhistidine, an index for muscle protein breakdown, was decreased by A. awamori or S. cerevisiae and synergistically by the combination (Table 4) . Muscle TBARS were decreased by A. awamori and S. cerevisiae, and Journal of Poultry Science, 50 (3) synergistically by the combination. Muscle α-tocopherol content was increased by A. awamori or S. cerevisiae and synergistically by the combination.
mRNA expressions of atrogin-1 and m-calpain were decreased in all treatment groups, although no interaction of A. awamori and S. cerevisiae was observed ( Figures 1A and 1D , Table 5 ). Ubiquitin mRNA was not affected by either A. awamori or S. cerevisiae but decreased by the combination ( Figure 1B , Table 5 ). Proteasome was decreased by A. awamori and the combination, but not by S. cerevisiae ( Figure 1C , Table 5 ). Conversely, myosin and actin mRNAs were increased in all treatment groups. In addition, synergistic interactions of A. awamori and S. cerevisiae were observed on the mRNA expressions of myosin and actin Saleh et al.: Fungi and 
Treatments
A. awamori and S. cerevisiae were added to the basal diet at levels of 0.05% and 0.10%, respectively. Values are expressed as means±standard error. Data were analyzed by two-way analysis of variance and Duncan's multiple range test. Means within a row not sharing a common superscript significantly differ from each other. NS, not significant (P＞0.05); * P＜0.05; ** P＜0.01. SFA, saturated fatty acids (16:0＋18:0); UFA, unsaturated fatty acids [18:1 (n-9)＋18:2 (n-6)＋18:3 (n-3)＋20:4 (n-6)]; TFA, total fatty acids (SFA＋UFA). Table 5 ). The mRNA of acetyl-coA carboxylase (ACC) was not affected by A. awamori or S. cerevisiae but was increased by the combination ( Figure 3A , Table 5 ). The mRNAs of fatty acid synthase (FAS) and delta-6 fatty acid desaturase (D6DES) were significantly increased by A. awamori and S. cerevisiae and by the combination (Figures 3B and 2C , Table 5 ).
Discussion
The major aim of this study was to determine the effects of feeding with A. awamori and S. cerevisiae on how growth performance can be improved and how muscle fatty acid profile can be modified in broiler chickens, and the underlying possible mechanisms.
The combined feeding with A. awamori and S. cerevisiae synergistically promoted broiler performance. The improvement in weight gain and feed efficiency caused by the combination of A. awamori and S. cerevisiae may be partially due to an increase in the metabolizable energy of the feed (Saleh et al., 2012a) . Alternatively, it may be related to the more balanced microbial population in the gastrointestinal tract of the broilers resulting from the S. cerevisiae, which has an important role in health and performance (Thongsong et al., 2008) . Birds do not produce enzymes such as cellulase and xylanase, which are required for the digestion of soluble nonstarch polysaccharides. These enzymes can be produced by Aspergillus or yeast and thus digestibility might have been improved by the combination of A. awamori and S. cerevisiae. It was previously reported that performance can be improved by adding S. cerevisiae to broiler diets, because this product reduces stress responses of birds by increasing vitamin absorption, synthesis of enzymes, and protein metabolism (Crumplen et al., 1989) . Protein digestibility was significantly increased by A. awamori and the combination of A. awamori and S. cerevisiae in the present experiment. This is consistent with the results of previous studies (Yamamoto et al., 2005) , indicating that koji-feed increases food digestibility in broilers. Enzymes contained in koji may stimulate digestion and improve growth. It has been reported that . Furthermore, A. awamori can digest raw starches (Aryanti et al., 1999) . These may be the reasons for the increased efficiency of feed utilization after Aspergillus and yeast feeding. It is also probable that Aspergillus improves the nutritional quality of soybean meal since the trypsin inhibitor contained in soybeans is degraded by Aspergillus (Hong et al., 2004) .
Breast muscle weight was increased by A. awamori and synergistically by the combination with S. cerevisiae. It has also been reported that when broilers are fed on diets containing 0.05 and 1% of koji-feed, carcass weight increases significantly and breast muscle weight also tends to be increased (Yamamoto et al., 2007) . This seems to be caused by a growth promoting factor produced by Aspergillus (Kamizono et al., 2010) . The growth promoting effect of A. awamori can be explained by the factor affecting plasma 3-methylhistidine concentration. The plasma 3-methylhisitidine concentration was decreased by A. awamori, indicating a decreased rate of skeletal muscle protein degradation. Measurement of urinary 3-methylhisitidine excretion is widely used as an index for muscle protein degradation, but it is difficult to measure 3-methylhistidine excretion in chickens. Thus, we used plasma 3-methylhisitidine concentration to track changes in muscle protein degradation (Nagasawa et al., 1998) . It has been shown that feeding S. cerevisiae resulted in numerically the highest breast and liver percentages and the least abdominal fat (Paryad and Mahmoudi, 2008) . Muscle mRNA expressions of atrogin-1, ubiquitin, proteasome and m-calpain play roles in the control of degradation of sarcoplasmic proteins. Ubiquitin, proteasome and mcalpain mRNAs were significantly decreased by the combination of A. awamori and S. cerevisiae in our study. These results support the idea that muscle growth promotion caused by feeding of probiotics is resulted by the suppression of skeletal muscle protein degradation. The present results are consistent with the results of a previous report indicating that shochu distillery by-product reduces gene expressions of the enzymes responsible for skeletal muscle protein breakdown (Hong et al., 2004) . Calpain has been reported to act up- Saleh et al.: Fungi and Yeast Stimulate Broiler Growth stream of the ubiquitin-proteasome system. Calpain activation inhibits the Akt signaling pathway, which is important for protein synthesis, suggesting that calpain plays a dual role in altering the pathways of protein degradation and synthesis (Smith and Dodd, 2007) . In fact, the mRNAs of actin and myosin were increased synergistically by the combination of A. awamori and S. cerevisiae, suggesting activation of pathways related to the skeletal muscle protein synthesis. These genes are related to the growth and development of muscle fibers (Somi et al., 2006; Guobin et al., 2011) . These results support our hypothesis that decreased skeletal muscle protein breakdown is responsible for the stimulation of skeletal muscle growth caused by feeding A. awamori and S. cerevisiae.
Acetyl-CoA carboxylase (ACC) and FAS are thought to play a major role in fatty acid synthesis, and in the present experiment FAS, ACC and D6DES mRNAs were all increased by A. awamori and S. cerevisiae. These results agree with those from our previous study, which showed that ACC, FAS and D6DES mRNAs were increased by koji feeding (Saleh et al., 2012b) . In chickens, fatty acid synthesis is thought to mainly occur in the liver. The increases in FAS and ACC mRNA expression in muscle tissue, which are to some degree parallel with the total lipid content in the muscle, suggests an increase in fatty acid synthesis in the muscle.
Muscle polyunsaturated fatty acid (PUFA) concentrations were increased by feeding A. awamori and S. cerevisiae. PUFAs play important roles in reducing the incidence of lifestyle diseases such as coronary artery disease, hypertension and diabetes, as well as certain inflammatory diseases such as arthritis and dermatitis in humans (Simopoulos, 2000) . Several studies have shown that 18:1 (n-9) and 18:2 (n-6) are the most common unsaturated fatty acids produced by probiotic and yeast, and 18:2 (n-6) is a major constituent of fungal lipids (Mazur et al., 1991; Calvo et al., 2001; Richard et al., 2004 and Tsitsigiannis et al., 2004) . Aspergillus produces desaturase, which converts saturated fatty acids to unsaturated fatty acids (Richard et al., 2004) . It has been reported that Aspergillus terreus produces 18:3 (n-3), but the production of other PUFAs has not been studied (Ignatius et al., 2010) . It is probable that the increases in 18: 1 (n-9), 18:2 (n-6) and 18:3 (n-3) in muscle are the result of the intestinal activities of A. awamori and S. cerevisiae. Delta-6 fatty acid desaturase (D6DES) plays a key role in the synthesis of PUFAs (Garcia et al., 2002) . In the present experiment, mRNA of D6DES in the muscle was increased by A. awamori and S. cerevisiae, which may relate or contribute to the increases in n-6 fatty acids.
Plasma total cholesterol and triglycerides were decreased, while plasma HDL-C was increased by the combination of A. awamori and S. cerevisiae. A previous study found that 0.1 % A. oryzae in the diet significantly lowered serum cholesterol and triglyceride concentrations in broiler chickens (Kim et al., 2003) . Dietary supplementation of 1% S. cerevisiae significantly lowered plasma cholesterol and triglyceride concentrations while HDL was increased in broiler chickens (Paryad and Mahmoudi, 2008) . The mechanism underlying the cholesterol lowering effect of Aspergillus could be related to an inhibitor of 3-hydroxyl-3-methylglutaryl-coenzyme reductase (Hajjaj et al., 2005) .
Breast muscle TBARS was decreased while muscle α-tocopherol was increased by the combination of A. awamori and S. cerevisiae in our experiment. A negative correlation has been found between muscle TBARS and α-tocopherol content (Maraschiello et al., 1999) . These results indicate that A. awamori produces antoxidative substances. In fact, several strains of Aspergillus produce antioxidative substances (Kaminishi et al., 1999) . In addition, the fact that mRNA expression of glutathione peroxidase was increased in all treatment groups (data not shown) supports the notion that A. awamori has antioxidative properties. This antioxidative substance has a special role in the maintenance of animal health, and productive and reproductive performance. This is largely because of the detrimental effects of free radicals and their toxic metabolic products on various metabolic Journal of Poultry Science, 50 (3) processes, which reduce the physiological response to stress in animals, protecting tissues from lipid peroxidation and improving meat quality during storage (Okada, 1996; Ohtsuka et al., 1998 and Eid et al., 2003) .
In conclusion, our study clearly shows that growth performance is improved and the muscle lipid profile can be modified by the combined addition of A. awamori and S. cerevisiae to broiler diets.
